The general building contractor is presented with an information model as an approach for deriving a high- The STEP standard includes a formal information modelling language, called EXPRESS [4l used to specify the objects belonging to a universe of discourse, the information units pertaining to those objects and the constraints on those objects. All tools inside our site controller will model the information according to this formalism and he able to access instances of EXPRESS entities. This implies the development of STEP translators from supplier-specific file formats into EXPRESS entities which are then stored in the site controller's common information system.
The general building contractor is presented with an information model as an approach for deriving a high- 
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during the various phases of a project life cycle. Sharing and maintaining these project data among multiple disciplines and throughout a project life cycle is a complex and difficult task. The project data needs to he stored, " retrieved, manipulated and updated by many partici-: pants, each with his own view of the information. This leads to a step-by-step integration strategy, in which the several stages are carefully rationalized, automated and ! subsequently inserted in the global system. The objectives of this project are to adapt a generic control architecture to the requirements of the building irMustry and to build up and integrate components needed for automated out-door construction purposes.
The operation of the developed subsystems and control strategies will be demonstrated under real conditions by the integration of two autonomous prototypes of the road building application: a road paving machine and an excavator. The principle to decompose alternately and on hierarchically different levels into longitudinal and transversal seems to fit properly with the experience of the road designer, and was adopted by the RMK.
Road-axes and road-nodes constitute the framework to describe the structure of the roads and their connectivity: the topology. However, this description does not incorporate sufficient information to extract the accurate shape of the road. This is done by adding the geometry to the road-axis as a separate entity.
The FU road-geometry shapes one or more roadaxes which will assemble a continuous chain. The roadgeometry will make demands on the progression of curvature, horizontal as well as vertical. Alignment is the TS which can be selected for the FU road-geometry.
Alignment decomposes into two interconnected networks (chains) which describe separately the horizontal and vertical alignment.
For the geometrical representation of the road, a specific type of coordinate system must be chosen for the RMK. Because of its simplicity and flexibility, the RMK uses a floating around the z-axis rotating s-t-z coordinate system, which is related to the horizontal alignment curve.
The s-axis maps one-to-one on this curve (longitudinal direction) and is embedded in the x-y plane. The taxis is orthogonal (perpendicular) to the s-axis (transversal direction) and is also embedded in the x-y plane.
The z-axis is equivalent to the z-axis of the fixed x-y-z coordinate system. The horizontal and vertical alignments are defined at a high level, dragging all lower level entities to follow automatically this primary shape. However, the influence of a crossfall is dedicated to a specific transversal function.
Therefore, a geometry entity should be imposed only to that specific transversal function (carriageway geometry, slope geometry .... ). The TS crossfall decomposes subsequently into a collection of tangent nodes containing the magnitude of a specific gradient.
Tile Road Construction Model
As presented by J. Everett in his paper [1l, construction and manufacturing exhibit fundamental differences in where the interface or transition occurs between product design and process design or fabrication. In repetitive manufacturing operations, the product-process design team controls product and processes all the way down. However, in construction, there is little overlap between product design and process design or fabrication. Architect/engineers control product design but do not get involved in the building process other than to inspect the finished work for conformance to design specifications. Constructors control the fabrication process design but generally have little or no input into product design. A distinct separation exists between the product designers and or architect/engineers, and the process designers or craft workers. In construction, the product designers and process designers are almost always separate organizations with different objectives. This is specially true for heavy-duty civil engineering applications, like road construction, where the gap between the lower limit of design detail and the upper limit of machine technology is substantial, as very few practical examples of construction robotics or highly automated machines have been developed.
As seen above, the Road Model Kernel represents the road design without any detail about the processes used to build the road. Until the product design and process design can be integrated by closing the gap between design and machine technology, we propose to use a step-by-step integration strategy which reflects the current way of work.
During contacts with the entity responsible for the construction of highways in Portugal, Brisa, the following agents were identified and a description of their roles in the construction process is given below:
• Based on the user's needs, the construction owner Brisa defines the requirements of the road to be built and delivers these to the design team.
• As the national authority for the design of highways, Brisa distributes the design regulations to the design team, which include for instance minimum values for the radius of curves depending on the requested speed, ways of calculating the earth volumes, norms about the composition and thickness of the paving layers depending on the soil resistance, etc.
• The design team returns to the construction owner a set of documents (descriptive memory) as result of several design activities, such as (a) geometric drawings, (b) earthworks based on geological/geotechnical studies, and (c) paving layer composition of the road sections. • The general contractor hired receives the design documents from the construction owner as well as a contract specification book. The contract document specifies additional construction requirements to the general technical norms. Based on these, the general contractor plans how the road is to be built in order to maintain the requested deadlines and costs, requisitions the resources and carries out the site production, eventually by hiring sub-contractors.
• Sub-contractors perform tasks and produce the products or components for the construction, for instance a sub-contractor is hired to build the bridge, another is hired to do all earthworks, etc.
• Machinery lending firms provide equipment to the site.
• Suppliers/distributors supply and distribute mate rial for the site facility, such as the asphalt plant sup plies the asphalt mixture for the road paver, and gas stations supply petrol for the machinery, etc.
As the RoadRobot project embarks all phases of road building from design to production, the RMK will For the Road Construction Model, the following stages have been identified (see Fig. 4 ):
• the design stage, where the product road is described by the road designer in terms of its geometric requirements -> Road Model Kernel,
• the planning stage, where the activities are identified by the general contractor as constant road sections to which they apply -> Road Plan Model,
• the scheduling stage, where to each activity identified at the previous stage the resources to realize them are assigned by the general contractor, in order to optimize time and costs -> Road Schedule Model,
• the construction stage, where the tasks are effectively issued to the working cells and their execution monitored, resulting in a built road which will be inspected relatively to its requirements.
In a building project, three main groups of entities can be modelled: the Product, the Activities and the
Resources.
The information about these entities can be Model, thepaving activity of a three course carriageway section is partially worked out. The pavement consists of three asphalt courses which are sequentially applied over the preceding course.
In Fig. 6 , this activity is modelled in a NIAM diagram using the concepts of the Road Construction
Model. At the three bottom levels of the diagram, the PDU decomposition is the one followed by the road designer as identified in the Road Model Kernel of 
The Road Plan Model
In the present work, a "Road Plan Model" will be proposed, which describes the road in the 'as-planned' stage. In the same way as the RMK, the RPM represents the viewpoint of the general contractor when he takes the complete contract document delivered by the construction owner and creates the high-level work plan of construction activities.
The purpose at the planning stage is to identify the road sections which require different types of construction activities, and their dependencies. Each of these actwmes can be visualized as being executed by a working cell composed of a set of resources which work jointly to realize that activity. These working cells are logical entities which will be instantiated during the scheduling stage with the necessary quantity of resources (machines and humans) in order to maintain deadlines and budgets.
During contacts with several building contractors, the following high-level construction activities were identified, which are presented graphically in the GARM tree of Fig. 7 . This tree forms the basis of the socalled "Road Plan Model".
A problem which was encountered in this stage of development, was the selection of proper names for all entities and objects essential to construct the data model.
To provide some pattern to it, the next schema was used:
The FU of the RPM identifies the activity to execute over a specific road section. The TS specifies the working cell which satisfies that requirement.
For example, suppose a specific road section passes over a valley or a river. The FU describes this road section with bridge construction activity, indicating that the TS to obtain such a road section is the construction of a bridge by a bridge construction cell.
Another example relates to the land clearing activity, which is satisfied by the clearing cell. The selection of the equipment composing this particular working cell depends on the diameter of the vegetation and on the size of the area. However, these questions are answered only at the scheduling stage, as the selection of equipment is also affected by whether there are alternate uses for equipment as well as by time limits.
During the development of this model, a decision had to be taken concerning the depth of the RPM decomposition tree, i.e. the granularity of the working cells. As our purpose is to model the way of thinking of the general contractor while building the high-level work plan, the result is the one shown in Fig. 7 . However, the adopted GARM concept, which separates FUs and TSs, allows for more details to be added at the end (leaves) of the model. Specifically, this is done when planning and scheduling the resources inside a working cell.
The granularity of the lower-order activities in the RPM (level of the leaves) defines the functionality of the working cells which can realize them and which will be allocated in the scheduling stage. In turn, each of the working cells must he able to plan and monitor the execution of each of its resources (machines and humans).
The higher the functionality of the working cells is, the more complex is the management of their resources. Here, the same approach to the just described CIM system can be applied. Over the same road section, the activities have a well-defined precedence. For instance, earthmoving is performed before drainage, and drainage is done before paving, the surface course is put on top of the binder course, the art works (bridges, tunnels) are done in parallel with the earthworks prior to paving.
Between different road sections, it is also possible to define precedency. For instance, paving a road section is an activity which is further decomposed into lowerorder activities: apply base course, then binder course and finally surface course. However, the successive application of each of the courses does not have to be made over the total length of the road section. That is, the road section to be paved may be decomposed into sub-sections, which allow a different, even simultaneous application of the layers; for instance apply the base course over the initial sub-section, then apply the binder course over that same sub-section, while applying the base course over the second sub-section, etc. 
Implementation issues
Within the RoadRobot project, this work will result in the implementation of a "Computer-Aided Planner". Taking the instantiated RMK, the construction specifications and some terrain model, this expert system will aid the general contractor in creating an instance of the project.
-product type specific building knowledge knowledge applicable to specific product types, e.g.
roads.
-product specific building knowledge knowledge applicable to specific products of a certain supplier, e.g. highways.
-project specific building knowledge knowledge applicable to a specific building project..
The first category of knowledge refers to general construction knowledge. An example is the selection of the activity depending of the type of vegetation of the terrain at the building site. If there are trees, then there has to be an activity which cuts them off; if there is a building, then it must be demolished, be it for the construction of a road or of a building.
The following two categories of knowledge are usually available in regulations.
For example, the width of the paving courses is determined by the type of soil under the road and the traffic Which should be supported by the road. The first variable is given by the terrain model, the second one is specified in the requirements of the road design.
The last category of knowledge is specific to a particular constructicn project. The construction owner may specify that, during the earthworks, the soil of the platform is to be made constant, even when this means getting soil of the required resistance from a distant earth deposit, as it is impractical to vary the thickness of the asphalt courses during the paving process. Another example is the specification of the quality control points:
Terrain mode! 
Conclusion
This work suggests a Road Construction Model using concepts of GARM. For the decomposition of a PDU during its life-cycle, we chose to follow the construction process as much as possible, which resulted in the creation of several models, because such a decomposition supports all the aspect views without being far away from the mental world of the users in practice.
The first model dedicated to the design process, the Road Model Kernel, was developed by the TNO-Building and Construction
Research institute and has already a working computer version.
The present paper presents a conceptual model for the planning process of the road construction as practised by the general contractor, the Road Plan Model.
Further work
To allow for the integration of design and construction with the developed Road Construction Model, models for activities and resources have to be worked out, similar to the product model, as well as the relations between these three entities. 
